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I. INTRODUCTION

This report is the Fourth Semi-Annual Progress Report
to the National Aeronautics and Space Administration by Princeton
University on NASA Grant NsG-64l, Pre-Ignition and Ignition Pro­
cesses of Metals, covering the period 1 November 1965 to 30 April
1966.

The second section of the report consists primarily of
comments on the general model of heterogeneous ignition presented
in the Third Semi-Annual Progress Report . .-New data from the liter­
ature and analytical developments made during the present report
period are discussed in Sections III and IV, respectively. In
Section V the concluding experimenrs-upon Mo in H20 mixtures and
attempted experiments with Si are described:- a discussion of the
igni~ion of Ta and Mo in view of the findings presented in the
last Semi-Annual Progress Report is also included.

Most of the experimental emphasis during the present
~eport period, however, was applied to an investigation of the
augmentation of Al ignition efficiency by application of surface
coatings of Mg and Ca. These expEriments were conducted in the
wire-burning apparatus and will be described in detail in Section V.

The final section of the report is an outline of
future research efforts, which will consist principally of
critical and ignition temperature determinations in the newly
acquired induction furnace facility.

II. THE PHYSICAL MODEL OF METAL IGNITION

Because the model of heterogeneous ignition has been
discussed in detail in the Third Semi-Annual Progress Report,
only clarifying comments will be presented here. Much of the
present discussioy is based on the ignition theory of Frank­
Kamenetskii (IT) •

In principle, upon specification of the reactants of
interest, the chemical heat release, $ J..", (cal/cm2sec), may
be calculated as a function of the temperature (Ts ) at the inter­
face 2 between the reactants i~ a heterogeneous system at some
specified time, say t = 0 +. The general result is dis-

lNumbers in parentheses refer to references listed at
the end of the report.

2Initially only gas-phase products are considered.

3Note that there may be singularities in the reaction
rate and conduction heat loss terms at t = O.
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played in Fig. lao At low temperatures, the dependence 1S ex-
ponential due to the controlling kinetic Arrehenius factor. If
the heterogeneous system of interest is a fuel particle in an
oxidizing atmosphere, as the surface temperature of the particle
increases, diffusion of the oxidi~er to the particle surface will
become rate-controlling, and the qc:hc.", curve will have a smaller,
but still positive slope, as show~ in Fig. lao A contribution
to the lessen!ng of the slope also results from dissociation of
the products.

When the geometry and heat transfer characteristics of
the system have been given, it is possible in principle to cal­
culate a heat loss term, q, ,including conduction into the fuel
particle, conduction intcftt~ oxidizing gas, and radiation to the
surroundings, at t = 0+ and as a function of the interface temp­
erature. In the general model of heterogeneous ignition, the '
gas-phase products are not allowed to participate in any heat
transfer to the environment, in anticipation of the metal ignition
case in which the solid-phase products remain stationary on the
surface of the fuel particle. (In this latter case l therefore,
the entire oxide shell is at the same temperature, namely the
temperature of the metal-oxide interface.) The general form of
the til curve is shown in Fig. lb.

IJ ••~
• •

.' When th: fJ ~",and i,... curves ~re combined as in Fig. lc,
1n general three 1KtersectIons are poss1ble; these occur at the
oxidation (T .~",,_ ), critical (Tc:.,;.t ), and combustion or flame temp­
eratures (Tf ), in order of increasing temperature. S These temp­
eratures have been discussed in detail in the Third Semi-Annual
Progress Report and represent the only steady-state configurations
for the system.

It is possible to envision certain special cases in
which only one intersection of the ~d- and 4. curves occurs and
th~s only steady-state oxidation orlco~us~i~~is possible, or'in
Wh1Ch the curv:s ~r: ta~gent ~that is, the ignition limit). How­
ever, .beca~e 19n1t70n 1~ of 1nte:est here, only the more general
case 1nvolv1ng a tr1ple 1ntersect10n (and thus defining a critical
temperature) will be considered.

4 ·Note that the S - shape of the g.h.", curve occurs also
in homogeneous gas-phase reactions, but tnat in this case the
leveling at high temperature is due only to dissociation of the
products.

S ••
Note that the geL-and 1,'." curves are similar for both the

homogeneous gas-phase case (see Footnote 4), in which the flame temp­
erature is determined by dissociation of the products, and the heter­
ogeneous condensed-phase case, in which Tf is determined not only
by dissociation, but also by diffusion of the reactants. The latter
then can be generalized to any non-premixed case, including gas­
phase diffusion flames. Thus any chemical system may be described
by curves of the form shown in Fig. 1.



-3-

In the case of metal ignition which is characterized by
the formation of a solid-phase product on the metal surface, it
is necessary to include in the ignition model the transition temp­
erature (T+~_.) at and above which the metal-oxidizer system ex­
hibits a linear oxidation rate in ordi~ary metallurgical experiments.
It should be noted that it is not necessary that the film be non­
protective above TT~.". ' but rather only that the reaction rate not
be inhibited in time as a result of the thickening product film.
Furthermore, it is necessary that the rate be linear at all higher
temperatures between Tt-..... tand Tijrl .6

Two well-known examples of metals which exhibit linear
rates at intermediate temperatures but protective {that is, para­
bolic or cubic) rates at higher temperatures are Al and Be in 02.
Al exhibits a linear rate in 02 at 500 C (2T) and a protective
rate above 660oC(3T). Likewise, the oxidation rate of Be in
02 is linear between 700 and 7S0oC (4T) but parabolic between
8~0 and 9700 C (ST). The correspondence between the ignition
temperatures of these metals and the respective oxide melting
points (6T) suggests that the oxide is generally protective at
higher temperatures until it melts and indicates that caution
must be excersized in estimating the transition temperature.

The next section of the report consists of a brief
review of new experimental data on metal ignition found in the
literature survey.

III. THE LITERATURE SURVEY

For convenience# transition temperatures estimated
from the oxidation literature are listed in Table 1. All
values except that for ·Zr-O may be taken accurate to ± SOoC.
The physical mechanisms res~onsible for the transition to the linear
oxidation rate are discussed in the Third Semi-Annual Progress Report.

The largest amount of new ignition data shown in Tables
2-12 applies to Al in various oxidizing g,ses (Table 9). All
of these data are for non-bulk samples. In general, the

6Ti " , the experimental ignition temperature, is defined
as the surfa~ temperature at which the temperature of the metal or
the light emitted by the metal begins to increase most rapidly to
result in steady-state combustion.

7Recall that the critical temperature changes with sample
size. Because of the nature of the dust dispersion (DD)# quiescent
pile (OP), and single particle (SP) experiments, the temperature
reported is T",.i+ rather than Ti.. (see Footnote 6). That is, the
initial temperature of the furna~·e used in these experiments is
taken as the ignition temperature. Unfortunately, usually no igni­
tion delay times are given.
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values quoted are loweS than th~se for the bul~ samples, .but
the new data (576,577) for Al ln CO2 are conslderably hlgher.
than those cited previously for non-Bulk samples.

In Fig. 2 the variation of ignition (or critical)
temperature with surface area to volume ratio is shown for the
~-air system. The expected trend is observed: as the surface­
volume ratio decreases (that is, larger samples), the ignition
temperature increases o

Discussion of literature values of ignition temperatures
for Ta and Mo will be deferred until Section V.

IV. ANALYTICAL DEVELOPMENTS

The general problem to be solved has been described
in detail in Section IV of the Third Semi-Annual Progress Report.
Further progress will be described here.

The adiabatic metal problem, in which the oxide film
on a spherical metal particle is assumed a perfect thermal in­
sulator, is reduced to solving the equation:

(1 )

for the separation constant ~
input parameters A and B:

in terms of the non-dimensional

(2 )

(3 )

where 2ell = fuel thermal diffusivity, cm /sec;

~ = fuel density, g/cm3 ;

Kp= parabolic oxidation rate constant, 2 4(g metal) /cm sec;

81 't' t tgnl 10n empera ure references are listed at the end
of the report.
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0 = heat of reaction, cal/g metal;

k = fuel thermal conductivity, cal/cm sec oK;

T = initial temperature of fuel surface, oK,
0

Using the definition of 0( :

(4 )

where Cp is the fuel specific heat in cal/gOK, it is seen that

(5 )

Thus Eqn. (1) becomes

(6 )

.
The initial approach to the solution of this equation had been
to attempt to find ~ for given input A and D , by use of a
Newton-Raphson iterative technique based on ~. The nature
of the numerical results obtained indicated that the computer
was seeking the trivial solution ~= O.

If, however, ~ and D are given, and a Newton-Raphson
iteration for A is used, reasonable results are obtained, be­
cause the iteration involves much simpler equations. This
technique has been used with 9uccess to calculate A as a
function of D for the values

(7)

9selected values of input data for the systems of inter­
est are shown in T~ble 13. Recall that in the case of the binary
metal ignition model (that is, Mg on Al in 02), the metal sphere
is considered to be composed of two immiscible metals, one applied
as a thin coating on the other. It is assumed that the thermal
properties ( «, ~ , and k)of the binary system are given
by the inner metal which is present in excess, and that the chem­
ical properties (k , 0, and Tivu,) are given by the coating metal.,
which oxidizes as ~he temperature increases.
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which correspond tg the P2ysical cases of interest, and of ~
over the range 10- to 10. The values of A of interest were
obtained in the ~ range 20 to 45 for all of the D given above.
The specific values for the cases of interest (clean Al in °2 ,
Mg on Al in °2 , and Ca on A1 in 02) are shown in Table 13.

The non-dimensionalized temperature, 9 = T/To ' is then
calculated from:

where f is the non-dimensiona1ized radius ('f =
the initial radius in cm, and t is the time in
to the metal-oxide interface temperature, 6 s

(8 )

r/r ), r is
a So, I' .sec. pecla lzlng

(9 )

For the values of A and P given in Table 13 it was found that
B was essentially infinite by the time that the metal-oxide
int~rface had receded to f = .9999. The time required for
this regression was for the 8ase of a Mg coating on an Al par­
ticle in 02:

(10 )

where t is in sec and r o in cm. In other words, the assumption
that the metal is adiabatic has caused an infinite interface
temperature rise by the time the surface has regressed .01%.

As a result of this dilemma, a more realistic problem
has been solved which includes a heat loss term into the oxide
film but not into the surrounding oxidizing gas (the adiabatic
particle problem). The following assumptions are made:

(1) All heat addition (that is, the chemical reaction)
occurs at the metal-oxide interface. Thus the dif­
fusion of oxidizer through the oxide scale is required
for reaction. This assumption is valid in the case of
many metal-oxidizer systems.
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(2) During the oxidation process, the surface of
the metal is smooth, and the entire particle retains
spherical symmetry. Thus the temperature is a function
only of radius.

(3) All chemical and thermal properties of the metal
and oxide are independent of temperature.

(4) Because the thermal conductivity of the surrounding
gas is much less than that of the oxide, heat flow
across the oxide-gas interface is neglected. Radiation
to the surroundings is also neglected.

(5) The oxide shell formed is coherent and continuous~

thus the distance the metal-oxide interface has receded
can be related to the total particle radius at any time
through the Pilling and Bedworth ratio.

By convention, the metallic portion of the particle
is denoted by subscript 1 and the oxide portion by subscript 2.

Under the above assumptions the non-steady Fourier heat
conduction equation may be written for both regions 1 and 2:

(11 )

with the initial and boundary conditions (12) - (14) in region 1
and (15)-(17) in region 2:

(12 )

(13 )

dT;/.K, ~ =
r='5_

(14 )
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(15 )

7;. (1'S+, t) =-r; ('S-, t)
(16 )

where T. temperature in region i, 0= K;
].

t = time, sec;

ex thermal diffusivity of region i, 2= cm Isec;i

(17 )

r =

T =o

r =o

radius,cm;

oinitial surface temperature, K;

initial particle radius, em;

k. = thermal conductivity of region i, cal/cm secoK;
].

temperature gradients at r into the metal and
'd 0 I sox]. e, K cm;

m = reaction rate, g metal/cm2sec;

Q m chemical heat release, call g metal;

d"T;'r, = temperature gradient at r into the oxide,oK/cm;
~ ox
~r r:'Ot..

r = radius of metal-oxide interface, cm;s

r = total particle radius, cm.ox
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Non-dimensiona1ization is accomplished as follows:

(18)

(19)

tV. = do' t/,;Zc., - L ()

(20 )

Eqns. (11) through (17) then become:

(21 )

(), (0, 't'#~) :;:01

J(, ~'J :: JD m_Q K dB2 /
I J'f ~:::~_ - ~ - z.~/~ ='36+

82 (1)0) '; /

e
2
(J5 +,-I:) =~ (~_)t)

(22 )

(23 )

(24 )

(25 )

(26 )
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K: ~:tl :: 0
~ J1' f-~- ,ox-

The general solution of Eqn. (21) is :

(27 )

(28)

where C2i., Cgc', and~' are constants. Applying Eqns. (22)
and (23):

Ct., ::: I / Sinh~

Thus:

(29)

(30 )

(31 )

as in the adiabatic metal problem. There are now four equations,
Eqns. (24) - (27), in four unknowns, C'Z:1. , CS2, @" and ~~. The
former two may be eliminated through Eqns. (25) and (27) to give:

(32 )

where

(33 )



-11-

(34 )

(35 )

~ and ~2. are the remal.nl.ng unknowns which may be
obtained from the the solution of Eqns. (24) and (26), where:

1(:., =d..t /r. 2-
t. Co D

~lS =: «-, i,2.{fi- fslh.r;
fox :: V~3+ "((1- ~3) I

(36 )

(37 )

(38 )

(39)

(40)

where P, is the metal density in g/cm3 . ~is taken as 0.5 in
Eqns. (~4) and (26) because m (Eqn. (36» is infinite at ~= 1.
The non-dimensional input parameters are defined as:

Bi:: di.\llKf

'83 =Q !Cf ,7";

(41 )

(42 )

The selected input values are shown in Table 14 for
cases of interest. The problem was solved by use of a brute
force method to search for the approximate solutions ~D and (l..o,
which were then used as the initial values in a two-dl.mensional
Newton-Raphson iterative technique based on ~ and t/2.. The
resul ts are shown in Table 14 for .the physical cases of clean Al
in 02' Mg on Al in 02' and Ca on Al in 02'
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Temperature calculations from Eqn. (31) are currently
in progress.

The next section of the report consists of a discussion
of experimental progress made during the report period. In par­
ticular, Mo-H

2
0 reactions and Si experiments are reported, the

ignition of Ta and Mo is discussed, and an investigation of the
ignition of Al wires coated with thin films of Mg and Ca is reviewed.

V. EXPERIMENTAL RESULTS

1. Molybdenum in H20 Mixtures

An investigation of the ignition and combustion of Mo
in pure H20 at 50 and 100 torr (1 torr = 1 mm Hg) and in 50%-50%
mixtures of H20-O?, H O-Ar, and H20-C02 at 50, 100, and 200 torr
was carried out in or3er to compl~te tfie investigation of Mo in
the wire-burning apparatus. The sample specifications and reaction
mechanisms have been described in detail in the Third Semi-Annual
Progress Report. The averaged data for Mo are presented in Table 15.

In H20-O mixtures at all pressures the white, solid-.
phase combustion, ~reviously denoted as regime one, was observed.
In pure H20 and H2 0-Ar mixtures the simple melting mechanism pre­
viously onserved ln pure Ar (regime two) occurred, and in H20-C0

2mixtures both regimes two and four were found, the latter occurring
more consistantly at the higher pressures.

Recall that in a similar investigation of the ignition
and combustion of Ta wires it was found that the solid-phase com­
bustion mechanism of Ta in 02 was impeded by CO2 and accelerated
by H 0. In the case of Mo, fiowever, no similar effect was found,
as n~ither H20 nor CO2 as the diluent in 50% 02- 50% diluent mix­
tures impedea the solld-phase combustion observed in pure 02.

In the Third Semi-Annual Progress Report, a sub-oxide,
vapor-phase diffusion flame observed by Bartlett (12T) was dis­
cussed. Attempts to duplicate this phenomenon in the present
apparatus by changing the voltage rise rate from about .117 to
.235 v/sec were unsuccessful. However, Bartlett used a commercial
welding DC power supply with 800 amps maximum current output and
with manual control to ignite his samples (13T). Since the rating
of our ignition apparatus is 100 amps at 24 VAC, it is not unexpected
that the sub-oxide diffusion flame could not be reproduced.
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2. The Ignition of Tantalum and Molybdenum
lO

Applying the ignition criterion to Ta and MOb the trans-
ition temperatures for Ta in 02 may be taken as about 500 C and 7000 C respect­
ively (Table 1). The physical mechanisms responsible for the trans­
ition to the linear oxidation rate are mechanical stress Gracking
(type [f])for Ta and perhaps also for Mo, although vaporization of
the oxide MoO is important in the latter case (type [b]). No
critical temp~rature estimates have been found for either metal;
however, Albresht et ale (14T) report an ignition delay time of
15 min at 1250 C for Ta in 02 at 1 atm.

Reported ignition temperatures for Ta and Mo are sum­
marized in Tables 6 and 7. Except for the Qllresults, in which
self-heating is usually an important factor, all ignition temper­
atures are above the corresponding transition temperatures. In the
case of Ta, the large discrepancy between the transition and igni­
tion temperatures indicates that the critical temperature may be con­
trolling (as the results of Albrecht et ale (14T) would suggest).

Recall that in the present investigation a high tempera­
ture, non-self-sustained oxidation reaction was observed with Ta
(regime two). Large macrocracks were observed on the wire sur­
face, and the wire glowed with a dull orange-red heat. Both of
these observations indicate that the wire temperature had exceeded
the transition temperature. However, because the reaction was not
self-sustaining at this point, by definition it was not occurring
above the critical temperature. Thus for this experiment as well
as for that of Albrecht et ale (14T), the critical temperature of
Ta apparently exceeds its transition temperature and thus controls
its ignition temperature.

In the case of Mo, that ignition occurs'after the oxide
melts is consistent with the results of other investigators (see
Table 7) and with the ignition criterion. As stated previously,
the proximity of the transition and ignition temperatures of Mo
in 02 suggests that the former temperature, rather than the critical

10nuring the report period a paper entitled "Combustion
Reactions of the Refractory Metals Tantalum and Molybdenum" has
been written by A. M. Mellor and I. Glassman. The paper was given
at the 1966 Spring Meeting of the Western States Section, The Com­
bustion Institute, and has been submitted for publication in the
Journal of the Electrochemical Society.

llThat iS I because of the large surface area available
for reaction, but the small surface area available for heat loss
to the surroundings, Tent will be especially low for this confi­
guration.
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temperature, controls the ignition process. No conclusions to
the contrary could be reached on the basis of the present invest­
igation.

To summarize, the ignition of Ta in 02 is controlled by
the critical temperature (as for Mg in air or °2 ), whereas that
of Mo in 02 is controlled by the transition temperature (as for
Al in 02)

3. Silicon

Initial experimentation was carried out with pure Si rods
11 cm long and 6.3 mm in diameter. Due to the high resistivity
of pure Si, no current flowed through the samples as the voltage
across them was increased. P doped, n-type Si rods of the same
dimensions were then used. Both types of specimens were supplied
by the Chemical Materials Department of Texas Instruments Inc. .

The n-type Si could be heated in 02 to a dull red glow
with an expenditure of somewhat less than the 2000 watts obtainable
from the power supply. At this point the rod generally broke near
the electrode blocks (i.e., in a region of extremely large thermal
gradients) with subsequent arcing, or merely stopped conducting
any current greater than 1 amp. The latter phenomenon is attri­
buted to loss of the P at high temperatures. In either case, little
of any reaction was found to have occurred on the surface of the
rod. Because of the extreme brittleness of the samples, their
cross section could not be lessened in a small length of the rod
to provide a local hot spot. At this point further experimentation
with Si was discontinued.

4. AUgmented Aluminum Ignition Efficiency

To reiterate briefly, it is the high transition temper­
ature of Al (or Be) which may lead to deviations from theoretical
performance in solid propellant rocket systems. Application of
thin coatings of Mg or Ca on an Al particle should alleviate
this difficulty as these metals are characterized by low transi­
tion temperatures. Analytical developments to calculate the
necessary coating thickness have been described in Section IV o

An experimental investigation of the ignition of Al wires coated
with Mg or Ca, performed in the wire-burning apparatus during the
report period, will now be described.

a. Experimental Apparatus and Procedure:

Thin coatings of Mg and Ca have been applied to Al
wires by means of vacuum deposition; the resulting samples were
then burned in the wire-burning apparatus in pure 02 at pressures
of 50 , 100, 300, and 500 torr and I, 2 , and 5 atm. The most signi­
ficant data are the values of total power at breaking (which include
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factors due to the electrodes, etc.) for the variously treated
samples. Above 100 torr of °2 , breaking occurs at the melting
point of Al ° (2030oC) for tfie ordinary samples; at 50 and 100
torr the th~r~al A1 20 coat is unable to support the AI, which
melts at 660o C. In o~, ignition occurs at the melting point
of the oxide, within 5 msec of the wire's breaking, which is
the resolution attainable from the detection apparatus. Thus,
if any effect of the coating material is felt, the total power
at breaking should be different from that of the ordinary Al wires.

Data for Al wires in Ar represent a lower limiting case
for the experiment; here only the 50 ~ room-temperature A1 20 coat
is present on the Al wire surface, and there is almost no stiuctural
support available for the wire from the oxide. When the Al melts,
the wire will break almost immediately. Thus if the coating metal
were fulfilling its purpose it would oxidize preferentially during
the heating period (as well as during storage) and prevent any
formation of A120~. Any structural strength would result from
the presence of tne coating metal and coating metal oxide, and
in the limit, for an effective coating, the power required to
break the coated wire in 02 would approach that required to break
the Al wire in Ar. Thus, Ehe only s1gnificant result which is
obtainable in the wire-burning apparatus (in which the sample must
support itself during the heating period) which indicates the ef­
fectiveness of the coating in preventing Al?01 formation is that
the power at breaking in ° for the coated ~ire be as close as pos­
sible to the power at (ess~ntially) melting for the Al wire in Ar.

All Al wires were 11 cm long and of 0.89 mm diameter.
They were the standard Al used in previous investigations in this
laboratory, Reagent No. A-557, Fisher Scientific Co. with major
impurities Ca, Cu, and Na. The Ca was supplied by A. D. MacKay,
Inc. in the form of 0.76 rom sheet. It was then sheared into ap­
proximately 2 cm long pieces with square cross section for vacuum
coating; its purity was 99.~~ with the balance largely CaCl?,
according to the supplier. 99.~~+ Mg rod of 3.18 mm diamet~r was
obtained from the same supplier and was cut into about 2 cm
long pieces. Approximately 350 mg of either coating material was
used as a coating dose.

All vacuum deposition was performed in a Consolidated
Vacuum Corporation Model LCl-14B L~boratory Vacuum System, at
pressures on the order of 5 x 10 - torr. The coating material
was held in tantalum boats with tantalum wire. Generally, during
the coating process the potential drop acro~s the Ta boat was
maintained constant, with occasional flashing. Several static
geometric orientations of the Al wires with respect to the Ta
boat were used, and in all cases patchy deposits were obtained.
Weight gains for the individual wires were irreproducible. Batches
included anywhere from 5 to 16 Al wires, and up to 3 coating doses
were employed' for the individual batches.
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A motor was then inserted into the bell jar of the
coating apparatus and 16 wires were mounted horizontally in a
squirrel cage arrangement around the rotating shaft, 8 to 10 cm
above the Ta boat. In this configuration about 9 cm of each wire
was coated. The motor speed was measured to be 36S0 rpm in air
at one atm. Upon application of this technique, extremely repro­
ducible weight gains were attained on the individual wires within
any given batch. Also, to the naked eye the coating deposits were
much more uniform than thoseobtained previously.

Four substrate preparations previous to vacuum deposition
were used (see Table 16). The first Al wire pretreatment was a
short (~S min) wash in Benzin at 2So C followed by a one hour or
less degassing period~ this wire after pretreatment is referred
to as ALI ( the as-received wire with no pretreatment is called
AL). The second pretreatment consisted of a 30 mi~2wash in
methanol at 2So C followed by one hour of degassing (AL2). Obvi­
ously neither the ALlor AL2 pretreatment removed the pre-existing,
room temperature A1 20 3 film from the Al substrate.

In the third and fourth pretreatments the oxide was
removed from the substrate. The pretreatment used for the AL3
wires consisted of a 2 min immersion in a HgCl? solution followed
by a IS min wash in CH OH. The wires were sub~equently wiped to
remove the remaining s!udge on their surfaces and to reveal a
bright and shiny substrate. No effort was made to investigate·
the effect of the strength of the HgC1 2 solution. A fresh satur­
ated solution (6.9g HgCl per 100 ml d1st. H ° at 2So C) was used
approximately every 8 batches (i.e., every 1~8 wires13 ). The gen­
eral appearance of the wires after pretreatment was similar irre­
spective of the strength of the solution.

A one hour etch in a dilute HF solution followed by a
15 min rinse in methanol formed the AL4 pretreatment. The acid
solution was initially 2% HF and was changed every 8 batches (128
wires)~ the methanol was changed every 4 batches (64 wires).

The ALI and AL2 wires were tagged and weighed indivi-

batch equals 16 Al wires. Each in-
re ferred to cs a dose, that is, three

coating operations, each of which started

dividual
dOses of
with 3S0

l2If the wires were
obtained during their initial
Benzin or methanol.

l3Throughout, one
coating process is
Mg refers to three
mg of Mg.

not outgassed, erratic results were
weighings due to evaporation of the
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dually before and after coating. Examples of the e~cell~nt.indi­
vidual weight gain reproducibilities from wire to W1re w1th1n a
batch obtainrijle in the squirrel cage coating assembly are shown
in Table 17. The ALI and AL2 wires were exposed to air at all
times before and after coating.

The ALI pretreatment was discontinued for two reasons:
firstly, in attempting to ignite ALI wires with no coating present,
occasionally sparks were observed in the gas phase near the sample
before the sample began to glow brightly (possibly gas-phase igni­
tion of the Benzin remaining after the pretreatment); secondly,
large flakes of Ca spalled off the Al wires which had been pre­
treated with Benzin. Neither of these difficulties were observed
with the AL2 (methanol washed) wire, although a much smaller
amount of Ca did spall off even in this case. It is important
to note that the gas~phase sparking phenomenon was not observed
with as-received Al wire (AL wire) either when burned during this
report period or when burned in all previous investigations in
this laboratory.

The pretreatments in which the Al 0 films were removed
were carried out in the Vacuum/Atmospheres totporation Dri-Train
purchased under the subject contract. The Dri-Train was filled
with Ar. After pretreatment all 16 wires were placed in a weighing
tube of known weight and removed from the Dri-Train; the assembly
was then weighed and returned to the Dri-Train. Thus the weighing
tube was filled with Ar at all times except for a brief interval
while re-entering the Dri-Train, i.e., during evacuation of the
antechamber of the Dri-Train, at which time the rubber stopper popped
from the weighing tube. Subsequent examination of the AL3 wires
indicated that 2 to 3 em of the wires closest to the mouth of the
weighing tube had suffered some oxidation during the exposure to
air in the depressurizing antechamber. The resulting film was not
removed.

Af~er the wi:es had been returned to the Dri-Train, they
were placed 1n the squ1rrel cage arrangement used in the ALI and
AL2 investigations. Within the Dri-Train, the entire squirrel
cag~ arrangement ~as pla~ed in a large airtight plexiglass tube
(wh1ch was thus f1lled w1th Ar) and stoppered. This assembly

was removed from the Dri-Train, transported to and installed in
the coating bell jar. The coating jar was then evacuated. At
low pressure the plexiglass covering tube was opened by means of

l4calculation of the weight of a uniform coating of
thickness l~ distributed along 9· em of an 0.89 rom wire gives
.875 and .719 mg for Mg and Ca respectively, where the respective
densities have been assumed to be 1.74 and 1.55 (7T). Thus for
the batches shown in Table 17 the Ca coating thickness is on the
order of l)A' and that of Mg 2/3 fA' .
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a pulley arrangement to expose the samples for coating as is
shown in Fig. 3. (The bell jar has been removed for the pur-
poses of these photographs. The Ta boat containing the coating
metal is indicated with an arrow in the lower photograph.) coating
was then accomplished as usual. If more than one dose was to be
applied to the batch, the bell jar was filled with Ar and the covering
tube replaced before the bell jar was opened to the atmosphere.

After the coating operation had been completed, the wires
were removed from the squirrel cage and weighed in the original
weighing tube. They were then stored in the laboratory until use
since the presence of an oxide on the coating metal is permissable.
In summary~ note that the only exposure of the wires to air after
pretreatment and before completion of the coating was during re­
entry into the Dri-Train after the initial weighing. This ex­
posure, however, is thought to affect only a small length of the
wires.

Averaging the weight over the 16 ·wires in the batch
before and after coating is felt to be accurate because of the
excellent reproducibility of weight gain from wire to wire ob­
served for the AL2 wires coated in the squirrel cage arrangement.
(See in particular Table 17.)

For the AL2 wires, the average weight gain per wire from
batch to batch was extremely reproducible , as is shown in Table 18.
The nomenclature used is as follows: AL2MG2 represents samples
of AL2 given two doses of Mg , AL2CAI represents samples of AL2
given one dose of Ca, etc. Unless otherwise indicated, all batches
were tested in the wire-burning apparatus one day after coating
was accomplished.

For the AL3 and AL4 wires, the reproducibility from
batch to batch/however, was not as good (Tables 19 and 20). This
effect is thought to result from either the outgassing of the
CH

3
0H between weighings or the spalling of the A1 20 whiskers,

characteristic of amalgamated Al, which formed at t~e uncoated
ends in the case of the AL3 wires. Similarly, the former effect
most likely causes the discrepancies between the AL4 batches. In
any case , it is assumed that coatings commeasurate with the AL2
coatings (that is , 1 to 3~) were obtained with the AL3 and AL4
wires. The data from the various similarly treated batches used
in the power averages did not in general show wide differences.

b. Storability of the Treated Wires:

Aging of the coatings is of interest if the propellant­
additive formulation is to be storable. For this reason one of
each of the various types of batches were observed for a week be­
fore testing in the wire-burning apparatus. The weights presented



-19-

in Tables 21-23 afe averaged over the 16 wires of each batch; the
balance accuracy 1S ± 0.1 mg. Between the fourth and seventh day
weighings the batches were outgassed for 65.5 hr.

From Table 21 it is seen that there is no essential change
in the average weights of the AL2MGl, AL2MG2, and AL2MG3 batches
(numbers 23, 40, and 39) over the week, nor was any physical change
in the wires seen with the naked eye. Note in particular that. 65.5
hr of outgassing had no effect on thel~eight. Thus it is con­
cluded that AL2MG wires are storable.

The AL2CA batches (numbers 23, 38, and 37) do not have
this property, however: the average weight increased after 1 day
and decreased after the outgassing. Furthermore the coatings, which
were originally a yellowish black, were observed to have changed
color after 1 day. At this time the coating was very close to the
shiny metallic color of the Al wire and could be distinguished from
the substrate only with difficulty. Since the batch lost weight
after the outgassing some of the weight gain and color change is
attributed to a Ca gettering action. The remainder of the weight
gain is attributed to oxidation of the Ca, and the erratic weight
losses are attributed to spalling of the Ca or CaOfrom the wire.
Thus the AL2CA wires are not storable.

In general, the AL3 coatings exhibit the same behavior,
as is shown in Table 22. All the weight losses for the AL3MG
coatings were a result of spalling of the A1 20 whiskers which
formed at the uncoated wire ends due to the am~lgamation pretreat­
ment. Only occasionally was a whisker observed to penetrate the
coated area of a wire, and it is concluded that AL3MG wires are
storable.

Amalgamation of the substrate increased the spalling of
the Ca, and AL3CA wires are less storable than AL2CA wires.

. The HF etch pretreatment (AL4) was expected to increase
the degree of surface roughness of the Al substrate, which has two
effects: a better mechanical bond between the coating and sub­
strate was expected, and the probability of pinholes in the coating
was expected to increase. The constant nature of the averaged
weights for both the AL4MG and AL4CA wires, shown in Table 23, sub­
stantiates the former expectation. The weight gains for the
AL4CA wires between the zeroth and first day weighings is again
attributed tQ adsorption by and/or oxidation of the Ca coatings.

l5st~rable as used here and elsewhere in this report
is understood to involve times up to one week.
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However, both types of AL4 wires are apparently storable.

Batch 79 was treated with a fresh HF solution, and
the remaining batches shown in Table 23 were treated in chronolo­
gical order 1n the same solution. Since the average initial
weight of the Al wires used was typically 185.0 mg, it is seen
that about 15 mg of Al was remov~d upon the sixth use of the HF .
solution (batch number 84). It 1S thus concluded that some etch1ng
was accomplished in all cases with the HF solutions, even after
seven uses (recall that the etching solution was replaced every
eight batches).

c. Visual Observations in the Wire-Burning Apparatus:

For the Mg coated wires (that is, AL2MG, AL3MG, and
AL4MG wires), during the ohmic heating period in the wire-burning
apparatus gas-phase sparks were observed near the wire as it ap­
proached a dull-red heat. Their reproducibility is indicated in
Tables 24-26, along with the ignition reproducibility for the
various wires. Note that sparks were not observed with the AL
(as-received AI), AL2, AL3, or AL4 wires. Thus the sparks observed

with the Mg coated wires are thought to be the Mg in the coating
igniting in the vapor phase. The Mg ignition temperature in 0
is about 630o C, which is consistent with the dull red heat of fhe
wire. In general, the frequency, size, and brightness of the
sparks increased as the number of coating doses increased.

As the Ca coated wires 2were heated to a dull glow, thin
transparent flakes of several rom area were noted to peel off of
the wire. Only on rare occasions were gas-phase sparks observed
(see Tables 24-26). Evidently, then, the Ca is consumed through

solid-phase oxidation during storage or as the wire is heated
(note ~hat sparks were observed on 12 out 14 experiments with

AL2CAI wire tested immediately after coating (Table 24) .

Whenever ignition occurred for any of the variously
treated wires (AL through AL4CA), a brilliant blue-white flame
regressed to the electrode blocks and was quenched. The combustion
duration was on the order of ~ sec. The products consisted of
grey metallic spheres and white smoke. Occasionally, combustion
continued at the electrode blocks for one or two sec: in this
case white-grey glassy spheres were also found (in earlier work
similar spheres were identified as ~- A1 20

3
). The diameter of

both metal and oxide spheres was several rom.

Because at least visually the combustion and products
of combustion were equivalent to those observed previously in this
laboratory with Al wires in O2 , it is concluded that the pretreat­
ments and coatings affected only the Al ignition, but not com­
bustion.
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d. Effect of the Coatings upon Ignition:

Average total power at breaking for AL2MG wires versus
total 02 pressure is shown in Fig. 4. A logarithmic abscissa
is used to separate the data points. Data points for as-received
Al (AL) , AL2, and AL wires in Ar are also shown. Recall that for
an effective coating, the average total power at breaking should
fall between that for the AL or AL2 wires and that for Al in Ar.
with the exception of the one week old data, each data point re­
presents the averaged value of total power at breaking at a given
pressure for at least two experiments in which wires from different
batches were used. Recall that unless otherwise noted, all batches'
were tested one day after coating.

Recall that below 300 torr (5.92 psia) the normal wires
do not break at the melting point of A1 20 , but rather near the
melting point of AI, as little oxide is fdrmed during the heating
period to support the molten AI. Thus, characteristically, powers
are lower below this pressure. This observation is consistent with
the fact that the wires attained only red heat below and white heat
above this pressure. The general trend to higher powers at higher
pressures is due to both increasing convective losses and increasing
oxide thicknesses (i.e., there is more oxide to melt) due to higher
reaction rates with increasing 02pressure.

The very significant trend apparent from Figure 4 is
that the total power at breaking for Mg coatings (1,2, or 3 doses)
is greater than that for the as-received or AL2 wires (which are
essentially equivalent).

The increase in total power at breaking for the
wires coated with Mg is attributed to the presence of a MgO
film, which is most likely formed as the wire is heated. (Re-
call that the Mg coated wires do not change in weight or in color
during a one week period after coating.) The Mg vaporizes and
ignites in the gas phase adjacent to the wire. Since the MgO is
above its transition temperature, the Al will continue to oxidize.
When the wire breaks, either the power is higher because of the
added MgO film which acts as a heat sink, or the molten A1 20 3 seals
the porous MgO film, which is then able to support the wire until
the MgO sublimes at 2770o C(11T). A third possibility is the forma­
tion of an A1 20

3
-MgO alloy which one would expect to have a melt­

ing point abo~e that of A1 20, but below that of MgO. In any case,
the effect is contrary to ~he desired result.

The coincidence of the one day old and one week old data
points substantiates the conclusion that the AL2MG wires are storable.
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Fig. 5 shows the total power versus total pressure for
the various AL2CA wires as well as for AL,AL2 and AL in Ar wires.
In general, the powers required to break the one day old AL2CAl(
AL2CA2, and AL2CA3 wires falls between that for the AL (or AL2)
wires and that for the AL in Ar wires. This effect is attributed
to the ability of the Ca (or CaO) coating to inhibit somewhat
the Al oxidation during the heating process, in spite of the
visible spalling of the coating. As can be seen from Table 24,
essentially no gas-phase sparks were observed as the one day old
and one week old wires were heated, whereas with AL2CAl wires
tested immediately after coating, sparks were observed on 12 out
of 14 runs.

It is thus concluded that even after one day most of
the Ca coating has oxidized to CaO (or has done so before it
reaches its ignition temperature during the ohmic heating period),
because only the fresh batches exhibited the sparks. Some of the
CaO spalled from the wire during storage, but that which remained
was sufficient to inhibit the Al oxidation during the heating
process to the point that the power required to break these sam­
ples was less than that for the AL and AL2 wires. A second explan­
ation of the lower power requirement is that the remaining Ca or
CaO combines with the pre-existing Al ° coat in such a way as to
lower its transition temperature. Be~adse no temperature estimates
are available from the wire-burning apparatus, and because of un­
dertainties in the value of the Al critical temperature, it is
difficult to exclude either mechanism postulated above, although
the former is felt more likely.

It is seen in Fig. 5 that the one week old samples ex­
hibit considerable scatter and in general do not agree well with
the one day old wires. This fact most likely results from the
randomness of the spalling on the individual wires and further in­
dicates that the AL2CA wires are not storable even for times as
short as a week.

Averaged data are shown in Fig. 6 for the AL3MG, AL, AL3,
Fresh AL3, and AL in Ar samples. One notes immediately that the
one day old AL3 samples require higher powers than do the AL samples,
which is explained by the thick, self-healed A1 20

3
film which had

formed on the former wires after one day in air. It was not ex­
pected, of course, that the amalgamated AL3 wires should be storable.
The fresh AL3 results, for which the wires were exposed to air only
as the wire-bu~ning apparatus was evacuated, are in general some­
what lower than the AL results. The lO~~ incidence of ignitions
shown in Table 25 indicates that in all cases for the fresh and one
day old AL3 wires the critical temperature was attained before the
wire broke, even at the lower 02 pressures. The thick A1

2
0

3
film

supported the molten Al until Tcrit was exceeded at all 02 pressures.
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The AL3MG results in Fig. 6 show the desired result
and indicate that a I to 3 ~ Mg coating is capable of preventing
Al

2
0 formation during one week storage in air at 2S

o
C and during

the ~hmic heating period, even when the substrate has been amalga­
mated. These coatings appeared the same as those on the AL2 sub­
strate, and only occasionally was an Al2 0

3
whisker observed to

have penetrated the coat, except near tfie uncoated ends. The con­
clusion is thus reached that it is extremely desirable to remove
the pre-existing Al 201 film before coating Al with Mg in order to
improve the Al igni~ion in 02.

Note that at 5 atm all the coatings have approached the
power required to break the AL wire. This fact may indicate that
thicker coatings are required at higher 02 pressures.

Similar data are presented for the AL3CA wires in Fig. 7.
It is seen that the AL3CAI and AL3CA3 wires were unable to pre­
vent Al oxidation, which is not unexpected, due to the spalling
of the coating on AL2 substrates (the amalgamation increased this
effect). On the other hand, the AL3CA2 samples show the desired
trend for no apparent reason.

Total power at breaking for the AL4MG wires is shown in
Fig. 8. It is seen that the AL4 and fresh AL4 results are quite
similar. The one day old AL4MGI and AL4MG2 data exceed those for
the uncoated wire, whereas the AL4MG3 data are somewhat better
and the AL4MG4 data are c~derably better than those for the
etched, but not coated wire.

It was initially felt that after the wire was etched,
some oxidation was occurring on its surface, either during storage
in the Dri-Train prior to coating or during the weighing process.
To test this hypothesis, one AL4MGl and AL4CAI batch (numbers 69
and 70) were coated as soon as possible after pretreatment, with­
out weighing or the usual one day storage in the Dri-Train. After
coating, they were aged in air the usual one day and then tested.
Comparison with the results obtained with the standardly pre­
pared AL4MGI and AL4CAI wires indicated that oxidation of the
substrate was not responsible for this unexpected trend in the
data.

Other possibilites which could explain the fact that the
power data for the AL4MGI and AL4MG2 wires are higher than those
for the AL4 wires are the formation of metal halides such as AIF
or MgF

2
due to inadequate washing in methanol after the acid etcX.

However, the trend to lower powers for the AL4MG3 and AL4MG4 is
inconsistent with the formation of such flourides.

Thus it is felt that the trends in the total power data
are due to pinholes in the coatings which result from the increased
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substrate roughness after the HF etch. Such pinholes then allow
formation of Al ° either during storage or during the ohmic
heating period ~na result in high powers at breaking as for the
AL2MG wires. As the number of Mg aoses was increased from one
to four, the probability of covering the pinholes in any given
layer increased. Again the necessity of preventing A1 20 3 form-
ation or removing the A1 20

3
film on the substrate when coating

with Mg is emphasized.

The general improvement in the power requirement shown
by the one week old AL4MG samples most likely results from alloying
between the coating and substrate to give a better bond.

Results for the AL4CA wires are shown in Fig. 9. All
samples exhibit the desired trend, as a result of inhibition of
A1 20 formation by the Ca coating. The agreement between the
one day old and one week old wires indicates further that the
AL4CA wires are storable due to better bonding between the coating
and the rough, HF acid etched substrate.

e. Summary:

The conclusions obtained primarily on the basis of the
total power required to break coated Al wires in 02 in the wire­
burning apparatus are summarized as follows:

1. I to 3}tMg coatings on CH OH washed (AL2) wires
require greater powers than a~-received (AL) wires,
probably due to alloying between the MgO and pre­
existing A1 20

3
coat to form a high melting tempera­

ture spinel. These wires are storable for a least
a week in NTP air.

2. Similar coatings of Ca on AL2, although oxidizing
rapidly and spalling from the wire during storage,
exhibit lower power requirements than AL wires. Evi­
dently the Al oxidation is impeded by the remaining
Ca or CaO coat. Samples so treated are not storable
even for times as short as a week.

3. One day old amalgamated Al (AL3) wires require
higher powers than AL wires due to formation of a
thick A1 20 1 coat, which may be able to self-heal.
Fresh AL3 ~ires break more readily than AL wires,
but in general AL3 processed Al cannot be stored.
lO~~ ignition reproducibility for both types of AL3
wires indicates that the critical temperature is
always exceeded during the ohmic heating period, but
this conclusion has no significance other than in the
wire-burning apparatus.
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4. AL3MG wires exhibit the desired trend in power
at breaking as the Mg coat is able to prevent Al 20 1
formation during up to one week of storage and durIng
heating. It is thought that I to 3Jf:'Mg coatings were
applied to the samples. Comparison with the AL2MG re­
sults demonstrates that it is essential to remove the
pre-existing Al 20

3
film before coating with Mg.

5. The spalling typical of Ca coatings is accelerated
if the substrate has been amalgamated, and thus the
AL3CA samples are less efficient than the ALsamples.
These samples are not storable for times as short as
one day.

6. HF etched substrates which are characterized by
a high degree of surface roughness require more Mg
doses to cover all pinholes and prevent Al ° form­
ation. otherwise, AL4MG wires behave simifaily to
AL2MG samples. Storing improves the performance of
the AL4MG wires, probably as a result of alloying and
thus better bonding between the coating and substrate.

7. Due to the roughness of the substrate, Ca coatings
bond better to the AL4 substrate and not only exhibit
the improvement in ignition characteristics typical
of Ca coatings, but also are storable for times up to
one week.

8. All of the pretreatments and coatings applied
affected the ignition, but not combustion of Al wires.
However, this conclusion is based only on visual ob­
servation.

To conclude, the most straightforward and promising
means of improving the ignition efficiency of Al appears to be
amalgamating the Al to remove any Al ° film and then coating
the clean substrate with Mg. HF etc~irlg techniques are incon­
venient because of the hazards of the etching solution and re­
quire a greater number of doses of the coating material. Ca
coatings in general may not be compatible with solid propellant
materials and thus may also present a hazard during storage.

It is felt that the general considerations from the
ignition model of augmenting metal ignition efficiency have been
verified insofar as possible in the wire-burning apparatus.
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VI. FUTURE DEVELOPMENTS

During the next contract year, the major emphasis will
shift to experimentation in the induction furnace facility to
determine ignition and critical temperatures as a function of
the metal-oxidizer system and surface area/volume ratio, gas
composition and pressure. Mg and Al in 02-Ar, 02-CO" and
CO -Ar atmospheres will receive the most study. upon com­
pl~tion of this ~udy, a few experiments with AL3MG samples will
be performed to check the conclusions obtained in ~he wire­
burning apparatus.
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TABLE 1.

ESTIMATED TRANSITION TEMPERATURES

System T °c Mechanismtrans'

AI-0 2030 [b]2

Mg-O 450 [e] or [ f]2

Mg-C02 550 [e] or [f]

Ti-02 850 [c]

Zr-O 900 ~ 100 [c] or [f]2

Ta-02 500 [ f]

Mo-02 700 [b] or [f]

Ca-O 400 [e] or [ f]2

Si-02 1400< Tt < 1610 [b] ?rans

U-02 250 [d]
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TABLE 13.

INPUT AND RESULTS OF THE ADIABATIC METAL PROBLEM

(Numbers in parentheses refer to references)

Clean Al Mg on Al Ca on Al
Val ue and Uni ts in 02 in 02 in 02

K, ca1/cm 0 1.01 (7T) 1. 01 (7T) 1.01 (7T)sec K

t', g/cm3 2.702 (7T) 2.702 (7T) 2.702(7T)

Cp ' ca1/g0 K 0.25(7T) 0.25(7T) 0.25 (7T)

2 4 10-14 (8T) 10-15 (9T) 10-12 (lOT)K , g metal) /cm sec
p

0, ca1/g metal 7500 (7T) 5930 (7T) 3790(7T)

T 0 2303 723 673trans~ K

T oK 100,600,
0'

1100,1600,2100 100,600 100,600

A 1.096 x 1015 1.096 x 1016 1.096 x 1013

DT oK 30000 23720 15160
0,

~
(at T =1000 K) 39,,0 41.4 34.2

°



-46-

TABLE 14.

INPUT AND RESULTS OF THE ADIABATIC PARTICLE PROBLEM

(Numbers in parentheses refer to references)

Va1u e and units

K
1

,ca1/cm secoK

K
2

, ca1/crn secoK

Clean Al
in 02

1. 01 (7T)

0.0826 (7T)

Mg on Al
in 02

1.01 (7T)

0.087556 (7T)

Ca on Al
in 02

1.01 (7T)

0.087556*

2.702 (7T )

3.7(7T)

2.702 (7T)

3.58(7T)

2. 702 (7T)

3.346 (7T)

c ca1/g0K
PI'

c p2 ' ca1/g0K

't
K

p
' (g metal) 2/cm4sec

0, ca1/g- metal

Ttrans,oK

*

0.25(7T)

0.197(7T)

1. 28 (lIT)

10-14 (8T)

7500 (7T)

2303

100,600
1100,1600,2100

1.096 x 1015

8.23 x 1013

30000

1.30

4.75

0.25(7T)

0.232 (7T)

0.81(11T)

10-15 (9T)

5930 (7T)

723

100,600

1.096 x 1016

7.7 x 1014

23720

2.62

9.87

0.25(7T)

0.197(7T)

0.64(11T)

10-12 (lOT)

3790(7T)

673

100,600

1.096 x 1013

9.7 x lOll

15160

2.37

7.98

Kcao was assumed equal to KMgO.
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TABLE 16.

ALUMINUM SUBSTRATE PRETREATMENTS

DESIGNATION

AL

ALI

AL2

AL3

AL4

PRETREATMENT

As-received

rv 5 min in Benzin,
L 1 hr outgassing

30 min in methanol,
1 hr outgassing

2 min in HgClJ sol.,
15 min in metnanol

1 hr in dil. HF,
15 min in methanol

PRE-EXISTING
A1 20

3
Film Removed

No

No

No

Yes

Yes
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TABLE 18.

AVERAGE WEIGHT GAIN DATA FOR BATCHES USED IN

BREAKING POWER AVERAGES (AL2 WIRES)

Batches Used in Average Average weight
Average Representation Breaking Power Gain Per Wire,

Calculation mg

AL2MGl 25 0.5
28 0.6

AL2MG2 16 1.6
26 1.3

AL2MG3 18 2.4
27 2.3

AL2CAl 17 1.0
24 1.1

AL2CA2 30 1.2
32 0.0
35 2.1

AL2CA3 33 2.8
36 3.2

AL2CAl (fresh) 29 1.0
34 1.0

AL2MG1(one week old) 22 0.9

AL2CA1(one week old) 23 1.2

AL2MG2(one week old) 40 1.6

AL2CA2 (one week old) 38 0.4

AL2MG3(one week old) 39 1.9

AL2CA3(one week old) 37 0.2
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TABLE 19.

AVERAGE WEIGHT GAIN DATA FOR BATCHES USED IN

BREAKING POWER AVERAGES (AL3 WIRES)

Batches Used in Average Average Weight
Average Representation Breaking Power Gain Per Wire,

Calculation mg

AL3MGl 41 0.0
47 -1.6

AL3MG2 44 0.4
49 0.4

AL3MG 3 45 -7.0
52 1.6

AL3CAl 42 -2.6
48 -2.9

AL3CA2 43 0.2
50 1.5

AL3CA3 46 -3.4
53 -5.0

AL3MGl(one week old) 55" -5.4

AL3CAl(one week old) 56 -7.8

AL3MG2(one week old) 57 -0.8

AL3CA2 (one week old) 58 0.4

AL3MG3(one week old) 59 0.1

AL3 CA3 (one week old) • 60 -1.1
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TABLE 20.

AVERAGE WEIGHT GAIN DATA FOR BATCHES USED IN

BREAKING POWER AVERAGES (AL4 WIRES)

Batches Used in Average Average Weight
Average Representation Breaking Power Gain Per Wire,

Calculation mg

AL4MGl 61 0.0
69 ---*

AL4MG2 63 . 1.3
71 0.9

AL4MG3 65 1.7
75 2~7

AL4MG4 85 2.3

AL4CAI 62 0.8
70 --- *

AL4CA2 64 0.9
72 0.8

AL4CA3 66 1.9
76 2.4

AL4MGl(one week old) 79 -0.2

AL4CAl(one week old) 80 0.1

AL4MG2(one week old) 81 1.0

AL4CA2 (one week old 82 1.4

AL4MG3(one week old) 83 1.7

AL4CA3(one week old) 84 4.0

*No weighings were performed on batches 69 and 70.
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TABLE 24.

OCCURRENCE OF GAS-PHASE SPARKS AND IGNITION

REPRODUCIBILITY (AL2 WIRES)

Batch Total Number Number of Runs with Number of
Representation of Runs Sparks Observed Ignitions

AL 21 0 5

AL2 21 0 11

AL2MGl 14 8 8

AL2MG2 21 14 11

AL2MG3 14 9 4

AL2CAI 14 1 5

AL2CA2 21 0 8

AL2CA3 14 1 7

AL2CAl{fresh) 14 12 7

AL2MGl{one week old) 7 4 4

AL2CAl{one week old} 7 0 3

AL2MG2{one week old} 7 3 3

AL2CA2{one week old) 7 0 2

AL2MG3{one week old) 7 5 3

AL2CA3{one week old) ·7 0 0
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TABLE 25.

OCCURRENCE OF GAS-PHASE SPARKS AND IGNITION

REPRODUCIBILITY CAL3 WIRES)

Batch Total Number Number of Runs with Number of
Representation of Runs Sparks Observed Ignitions

AL 21 0 5

AL3(fresh) 14 1 14

AL3 12 0 12

AL3MGl 14 9 5

AL3MG2 14 12 3

AL3MG3 14 11 3

AL 3CAl 13 0 8

AL3CA2 14 0 2

AL3CA3 14 0 12

AL3MGl(one week old) 7 2 1

AL3CAl(one week old) 7 0 1

AL3MG2(one week old) 7 0 2

AL3CA2(one week old) 7 0 3

AL3MG3(one week old) 7 0 0

AL3CA3(one week old) 7 0 2
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TABLE 26.

OCCURRENCE OF GAS-PHASE SPARKS AND IGNITION

REPRODUCIBILITY (AL4 WIRES)

Batch Total Number Number of Runs with Number of
Representation of Runs Sparks Observed Ignitions

AL 21 0 5

AL4(fresh) 14 0 12

AL4 14 0 11

AL4MG1 14 1 7

AL4MG2 14 2 8

AL4MG3 14 5 7

AL4MG4 7 3 3

AL4CAl 14 1 4

AL4CA2 14 0 .4

AL4CA3 14 4 6

AL4MG1(one week old) 7 0 2

AL4CAl(one week old) 7 0 0

AL4 MG2(one week old) 7 0 3

AL4CA2 (one week old) 7 0 3

AL4MG3(one week old) 7 2 2

AL4CA3 (one week old) 7 1 1
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